Introduction
The role of chromatin remodelers in regulating gene expression has been established (1) . Prominent examples include the polycomb group (PcG) and trithorax group (TrxG) proteins that compete to respectively constrain or enable the transcriptional machinery to access to genes and genomic elements (2) . Indeed, beyond promoters, other genomic elements are enlisted in this layered regulation, including enhancers (3), or, within the gene bodies, introns and exons (4), ultimately affecting a myriad of locations scattered throughout the genome. As a result, these chromatin modifiers directly or indirectly coordinate deeply intertwined developmental and cell-signaling programs (5) .
Chromatin remodelers exert additional, transcription-independent roles in DNA protection and maintenance, acting on large DNA domains and ultimately shaping the architecture and anatomy of the genome on a more global level (6) . As an example, during physiological differentiation, large swaths of DNA become compacted into heterochromatin domains, thus preserving genomic stability and repressing the transcription of potentially harmful repetitive DNA sequences (7) .
Heterochromatin exists in two forms, facultative and constitutive. Facultative heterochromatin is interspersed within chromosomes and mediates context-dependent, transient epigenetic silencing of genes. It has been implicated in developmental programming, cell fate determination, mating-type gene silencing, and X chromosome inactivation (8) . Conversely, constitutive heterochromatin is present at sites marked by repetitive genetic elements, including telomeres and centromeres. As for its functions, the highly condensed heterochromatic structure at these genomic sites limits the access of transcription and recombination machineries, thus protecting the genome from unwanted, potentially harmful transposition events (9) . In addition, at centromeres, the presence of this compact structure is crucial for kinetochore formation and, ultimately, chromosome segregation (10) . Posttranslational histone modifications are fundamental for maintaining centromeric heterochromatin in a highly condensed structure. These modifications are remarkably well conserved across species (11, 12) . Among these are di-or trimethylated lysine 9 of histone H3 (H3K9me2/3) (13) , trimethylated lysine 20 of histone H4 (H4K20me3) (14) , and monomethylated lysine 27 of histone H3 (H3K27me) (15, 16) .
Constitutive heterochromatin remains condensed during interphase. However, at the onset of DNA replication and similarly to the rest of the genome, heterochromatin needs to undergo duplication. This event entails a transient disruption of the hetMutations in genes encoding chromatin-remodeling proteins are often identified in a variety of cancers. For example, the histone demethylase JARID1C is frequently inactivated in patients with clear cell renal cell carcinoma (ccRCC); however, it is largely unknown how JARID1C dysfunction promotes cancer. Here, we determined that JARID1C binds broadly to chromatin domains characterized by the trimethylation of lysine 9 (H3K9me3), which is a histone mark enriched in heterochromatin. Moreover, we found that JARID1C localizes on heterochromatin, is required for heterochromatin replication, and forms a complex with established players of heterochromatin assembly, including SUV39H1 and HP1α, as well as with proteins not previously associated with heterochromatin assembly, such as the cullin 4 (CUL4) complex adaptor protein DDB1. Transcription on heterochromatin is tightly suppressed to safeguard the genome, and in ccRCC cells, JARID1C inactivation led to the unrestrained expression of heterochromatic noncoding RNAs (ncRNAs) that in turn triggered genomic instability. Moreover, ccRCC patients harboring JARID1C mutations exhibited aberrant ncRNA expression and increased genomic rearrangements compared with ccRCC patients with tumors endowed with other genetic lesions. Together, these data suggest that inactivation of JARID1C in renal cancer leads to heterochromatin disruption, genomic rearrangement, and aggressive ccRCCs. Moreover, our results shed light on a mechanism that underlies genomic instability in sporadic cancers.
Histone demethylase JARID1C inactivation triggers genomic instability in sporadic renal cancer 3 Simona Segalla, been linked to X-linked mental retardation (XLMR) (39) . Notably, most of the nucleotide substitutions identified so far in this disease cause partial or complete loss of function in the demethylase activity of the protein (40, 41) . JARID1C plays a prominent role in neuronal development and function. Indeed, silencing of JARID1C expression in zebrafish derails neuronal development, including brain-patterning defects as well as impaired dendrite development and significant neuronal cell death in rat neurons (41) . JARID1C belongs to the JARID subfamily of JmjC-containing proteins, together with RBP2 (JARID1A), PLU-1 (JARID1B), and SMCY (JARID1D) (42) . The JmjC domain of JARID1C represents its catalytic moiety that specifically demethylates di-and trimethylated lysine 4 on histone 3 in an Fe(II)-and α-ketoglutaratedependent manner (41) . The JmjN domain and the C5HC2 zinc finger are both important for assisting JARID1C catalytic activity (43) . JARID1C also contains a BRIGHT domain and an AT-rich interaction domain (ARID) that can bind DNA (44) . Finally, one of the two PHD domains binds trimethylated lysine 9 on histone 3 (H3K9me3) (41) .
JARID1C exerts its neurodevelopmental role through transcriptional repression. In fact, it was isolated as part of a transcriptionally repressive complex containing HDAC1/2, EHMT2 (G9a), and REST (45) . This complex binds the REST-responsive elements on neuronal-specific promoters such as brain-derived neurotrophic factor (BDNF), SCG10, and SCN2A, inhibiting their transcription through JARID1C demethylase activity.
Recent reports have demonstrated a prominent role of JARID1C in modulating H3K4me3 levels throughout the genome. In mouse embryonic stem cells and in neuronal progenitor cells, JARID1C is recruited on regulatory regions such as enhancers and promoters. Intriguingly, JARID1C restrains transcription, reducing H3K4me3 at promoters, while it stimulates their activity at enhancers (46) . Along similar lines, in renal cancer cell lines, JARID1C also comprehensively regulates H3K4me3 levels (47) . Additionally, we have recently identified a nontranscriptional role for JARID1C in DNA replication (48) .
Notwithstanding the frequent inactivation of JARID1C in ccRCCs, little is known about the underlying tumorigenic mechanisms. Here, we sought to provide insights on the role of JARID1C in ccRCCs and to identify the consequences of its inactivation in human cancers.
In this study, we demonstrate that JARID1C broadly binds to H3K9me3 heterochromatic chromatin domains and is required for heterochromatin replication in a complex with SUV39H1 and HP1α, as well as with the cullin 4 (CUL4) complex adaptor protein DDB1. JARID1C loss unleashes the expression of heterochromatic noncoding RNAs (ncRNAs), thus triggering genomic instability. Notably, ccRCC tumors presenting with JARID1C mutations are more genetically rearranged than ccRCC tumors with mutations in other driver genes.
Results

JARID1C binds to broad chromatin domains enriched for the
H3K9me3 histone mark and to heterochromatin. In order to explore JARID1C function in renal cancer, we conducted a ChIP-sequencing (ChIP-seq) analysis, assaying the binding of JARID1C to chromatin. To this end, we used two commercially available Abs erochromatin structure to allow movement of the replication fork. While the detailed mechanism responsible for its temporary disbanding remains largely unknown, several remodeling complexes contribute to heterochromatin restoration after DNA replication (17) (18) (19) . The mechanisms involved in this process are well conserved across evolution. In fission yeast, the stepwise mechanism for heterochromatin restoration involves methylation at lysine 9 of histone 3 by the histone methyltransferase Clr4 (20) . H3K9me3 is then recognized by chromodomain-containing proteins Chp2 and Swi6 (the yeast homologs for the HP1α heterochromatin protein 1α), which oligomerize upon binding to nucleosomes (21) . Clr4 itself can dock to methylated H3K9 through its own chromodomain and methylate neighboring nucleosomes, thus generating additional binding sites for Swi6/HP1 proteins. Similarly to fission yeast, mouse centromeric and pericentromeric repeats are trimethylated at H3K9, in this instance by SUV39H1/2 methyltransferases (22) (23) (24) . Subsequently, trimethylated lysine 9 is a docking site for HP1 proteins (25) . Spreading of heterochromatin proceeds as a self-sustaining loop, where HP1 isoforms themselves recruit repressive DNA methyltransferases (13) .
While H3K9me3 has been consistently associated with heterochromatin domains, another histone posttranslational modification, H3K4me3, is enriched in transcriptionally active euchromatin (26) . It has been recently proposed that histone demethylases targeting H3K4me3 are also required for proper heterochromatin assembly, in both yeast (Lid2) (27) and Drosophila [SU(VAR)3-3] (28), suggesting that removal of this histone mark from nascent heterochromatin is a required step toward its duplication. Remarkably, in higher eukaryotes, defective H3K4 trimethylation is associated with aberrant centromeric function, leading to chromosome misalignment and segregation defects (29) . However, the mechanism underlying the removal of methyl marks from H3K4 on heterochromatin in vertebrates remains unknown.
Arguably, one of the main findings emerging from the recent flurry of next-generation sequencing efforts conducted for hundreds of cancer patients, including The Cancer Genoma Atlas (TCGA) initiative, is the remarkably high frequency of mutations affecting chromatin-related genes, indeed rivaling, in terms of occurrence, seasoned, established mutated tumor-suppressor genes and oncogenes such as RAS and TP53 (30) . Prominent examples include SMARCB1 inactivation in rhabdoid tumors (31), ARID1A and ARID1B in endometrial tumors and neuroblastomas (32, 33) , and the SWI/SNF subunit PBRM1 in clear cell renal cell carcinomas (ccRCCs) (34) . Indeed, ccRCC represents a particularly cogent example of the anticipated oncogenic role of chromatin modifiers in cancer, since, alongside VHL, histone-modifying genes are by far the most frequently deleted genes in this disease. Specifically, SETD2/KMT3A, UTX/KDM6A, MLL2/KMT2B, and JARID1C/KDM5C (hereafter referred to as JARID1C) are, with variable frequencies, consistently mutated in renal cancer (35) (36) (37) . In particular, JARID1C mutations have been reported in up to 9% of patients with ccRCC (35) (36) (37) .
JARID1C resides on the X chromosome. It is expressed in multiple human tissues, has a paralog on the Y chromosome, and is highly conserved across evolution (38) . JARID1C is one of the few genes on the X chromosome that escapes X inactivation (38) . JARID1C missense, frame-shift, and nonsense mutations have Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI81040DS1). While sharp JARID1C signals colocalized with H3K4me3 and H3K4me1 peaks (P < 0.01), JARID1C broader features were significantly associated raised against JARID1C. We also assayed for established histone modifications, including H3K4me1, H3K4me3, and H3K9me3. In line with previous reports (46, 49) , JARID1C ChIP-seq profiles showed narrow peaks at regions corresponding to promoters and enhancers. Surprisingly, JARID1C also bound additional regions Error bars represent the SEM of 3 independent experiments. *P < 0.05, **P < 0.01, Student's t test.
(20, 56) in both yeast and mouse cells (56) (57) (58) . JARID1C is a histone demethylase that selectively demethylates H3K4me3 (41), a histone mark that is usually absent on heterochromatic satellites (57) . We therefore reasoned that upon JARID1C inactivation, a disruptive enrichment of H3K4me3 on heterochromatin might ensue. We first confirmed on whole-cell lysates that JARID1C downregulation was able to increase H3K4me3 levels ( Figure 3A) . Moreover, H3K4me3 levels increased specifically at promoters targeted directly by JARID1C (ref. 45 and Supplemental Figure  3A ). As for heterochromatin, ChIP experiments indeed revealed a robust increase in H3K4me3 on centromeric (minor) and pericentric (major) regions after downregulation of JARID1C ( Figure  3B ). Notably, we did not detect this enrichment in other repeat sequences residing outside heterochromatin, such as SINEB1; nor did we observe changes on heterochromatin in other histone marks unrelated to JARID1C activity, such as H3K4me1 (Supplemental Figure 3B ). Again, a similar aberrant methylation pattern affecting H3K4 was observed at pericentric and centromeric repeats in ccRCC cells upon downregulation of JARID1C (Supplemental Figure 3C ). Moreover, exploiting another data set (46), JARID1C knockdown caused a significant increase in H3K4me3 binding specifically on heterochromatic regions, confirming that the lack of JARID1C impairs H3K4me3 demethylation on heterochromatin (Supplemental Figure 3D) . Trimethylation of lysine 9 on histone 3 (H3K9) represents the hallmark histone modification on heterochromatin (20) . H3K9me3 and H3K4me3 are mutually exclusive, both in vitro (59) and in vivo (26, 56) . Remarkably, Western blotting on wholecell lysates showed a marked reduction of H3K9me3 following JARID1C downregulation ( Figure 3A ). We then explored whether JARID1C knockdown impaired the deposition of H3K9me3 on heterochromatin. Indeed, we tested whether JARID1C inactivation reduced K9 methylation specifically on heterochromatic satellite repeats using ChIP and observed a significant reduction of H3K9me3 on both minor and major repeats after JARID1C downregulation ( Figure 3B ). In addition, immunofluorescence revealed that the number of cells positive for H3K9me3 chromocentric foci was significantly reduced (from 70.5% ± 4% to 51% ± 3%; P < 0.01) in silenced cells ( Figure 3C ).
Importantly, rescue experiments on silenced cells demonstrated that WT, but not demethylase-dead mutant JARID1C, restored low H3K4 methylation levels at centric and pericentric repeats ( Figure 3D ) upon reexpression at comparable levels (Supplemental Figure 3 , E-H), suggesting that the demethylase function of JARID1C is required for heterochromatin assembly in mammalian cells. Altogether, these data suggest that JARID1C actively removes methyl groups from H3K4me3 on heterochromatic satellites and that loss of its demethylase function induces aberrant decompaction of heterochromatin structure as shown by aberrantly low H3K9 methylation levels.
JARID1C, together with DDB1, belongs to a heterochromatinsilencing complex and acts upstream of HP1α and SUV39H1.
Heterochromatin assembly includes several steps centered on trimethylation of H3K9me by SUV39H1 and DNA binding of HP1α, which ultimately stabilizes heterochromatin and favors its spreading (25, 60) . Given the role of JARID1C in heterochromatin assembly, we next ascertained whether JARID1C interacts with either with H3K4me1 or, surprisingly, with H3K9me3 domains (P < 0.01; Figure 1, A and B) . Indeed, the JARID1C ChIP-seq profile correlated most strongly with H3K9me3 tracks (range, r = 0.51-0.54) ( Figure 1C and Supplemental Figure 1B ). This association was confirmed in ChIP-seq experiments using a second Ab recognizing H3K9me3 ( Figure 1A and Supplemental Figure 1B ). To further validate these results, we analyzed a data set of the human leukemia cell line K562 that included ChIP-seq profiles of a large number of transcription factors, chromatin modifiers, and histone marks (49) . We also found in this data set that the JARID1C ChIPseq profile was strongly associated with H3K9me3 (Supplemental Figure 1C) . Altogether, these data suggest that JARID1C colocalizes on the genome with H3K9me3.
Since H3K9me3 is the hallmark histone mark of heterochromatin, we next explored whether JARID1C localizes on established heterochromatin sequences. ChIP experiments demonstrated a significant enrichment of JARID1C at pericentric (pericentric SATα and SAT2) and centromeric (chrom 1 and chrom 4 αSAT) sequences as compared with that observed in the isotypic control in renal cells ( Figure 1D ). In all, these results suggest that JARID1C colocalizes with H3K9me3 and binds to heterochromatin domains.
JARID1C contributes to heterochromatin maintenance and directly binds to satellite repeats during heterochromatin duplication in the S phase. We next sought to determine whether JARID1C might have a role in heterochromatin assembly. To this end, we exploited NIH-3T3 cells, the model system of choice for assessing heterochromatin status (50) . Indeed, the downregulation of JARID1C with two different shRNAs significantly decreased the overall number of DAPI-positive heterochromatic centers ( Figure 2 , A and B, left; on average, from 20.49 to 16.67 and 15.65 foci/cell respectively; P < 0.0001). Furthermore, the DAPI foci appeared significantly larger (Figure 2, A and B, right) . Altogether, these data suggest that JARID1C participates in heterochromatin maintenance.
Heterochromatin assembly occurs during the middle and late stages of the S phase (51, 52) . In NIH-3T3 cells, it has been reported that S-phase progression could be evaluated by assaying the distribution of nuclear DNA replication sites by BrdU-specific immunofluorescence (53, 54) . Specifically, in the early S phase, cycling cells present small and discrete BrdU-positive granules interspersed throughout the nucleus, while middle S-phase cells show fewer foci overlapping with heterochromatin domains. Ultimately, in late S phase, large, often irregular BrdU-positive dots are detected throughout the nucleus. Remarkably, we found that upon JARID1C depletion, there was a significant increase of more cipitated with both JARID1C ( Figure 4C and Supplemental Figure  4C ) and HP1α (Supplemental Figure 4A) , suggesting a potential role for human DDB1 in heterochromatin assembly, reminiscent of the role of yeast Rik1 (62) . Altogether, these results indicate that JARID1C is part of a heterochromatin-remodeling complex in mammalian cells that includes HP1α and SUV39H1 as well as the adaptor protein DDB1. Given these protein-protein interactions and the reduced heterochromatic K9 methylation levels evident in JARID1C-downregulated cells, we reasoned that K4 demethylation induced by JARID1C might act upstream and be required for the engagement of both SUV39H1 and HP1α to heterochromatin. Hence, we analyzed the binding to chromatin of both SUV39H1 and HP1α upon JARID1C silencing. Notably, despite similar expression levels in control and downregulated cells ( Figure 4D and Supplemental Figure 4D ), SUV39H1 and HP1α localization to heterochromatic these proteins. Remarkably, co-IP experiments demonstrated a strong reciprocal binding between JARID1C and HP1α ( Figure  4A and Supplemental Figure 4A ) as well as between JARID1C and SUV39H1 in renal cells ( Figure 4B and Supplemental Figure 4B ) and mouse cells (data not shown).
In Schizosaccharomyces pombe (S. pombe), H3K9me methylation on heterochromatin is promoted by the Dos1-Dos2-Rik1 complex (61, 62) . Although Dos1 and Dos2 show weak similarity to WD-repeat proteins and zinc finger proteins, respectively, homologs in other organisms have not been described. Instead, it has been proposed that Rik1 is structurally related to the CUL4 complex adaptor protein DDB1 (63) through its WD-propeller-repeat domains (64, 65) , despite limited primary sequence homology. Intriguingly, Rik1 is required during the S phase to establish heterochromatin (62, 66). We thus asked whether DDB1 is part of the JARID1C-HP1α-SUV39H1 complex. Indeed, DDB1 immunopre- The
foci was significantly reduced in silenced cells (Figure 4 , D and E, and Supplemental Figure 4E ). We also ascertained whether HP1α binding requires the demethylase activity of JARID1C. After JARID1C knockdown, we reintroduced mock, WT, or mutant JARID1C and performed ChIP to assess the binding of HP1α to heterochromatin. Reintroduction of the JARID1C WT, but not the mutant, restored HP1α heterochromatin binding ( Figure 4F ). These results suggest that JARID1C is required for SUV39H1 to localize to heterochromatin and methylate H3K9 and for HP1α to bind and finalize heterochromatin assembly. JARID1C loss deregulates heterochromatic noncoding RNAs, triggering genomic instability. Defects in heterochromatin assembly are linked to the persistent expression of ncRNAs (52) . Therefore, we assayed for the presence of aberrantly transcribed heterochromatic pericentric (major) and centromeric (minor) ncRNAs in JARID-1C-downregulated NIH-3T3 cells with both shRNAs. Notably, both minor and major satellite transcripts were significantly upregulated after JARID1C downregulation ( Figure 5 , A and B, and Supplemental Figure 5A ). However, expression levels of other nonheterochromatic ncRNAs, such as LINEL1, SINEB1, and SINEB2, were not affected. A similar inordinate expression of heterochromatic ncRNAs was also detected in ccRCC cells upon JARID1C downregulation. In fact, the assessment of human SATα and chrom 1 αSAT RNAs, corresponding to the mouse pericentric and centromeric transcripts, revealed a prominent increase in both species after JARID1C downregulation (Supplemental Figure 5 , B and C, and data not shown).
To assess the role of JARID1C demethylase activity in heterochromatic ncRNA silencing, we designed a rescue experiment in which WT or demethylase-inactive (Mut; Figure 5C ) JARID1C was introduced into cells knocked down for JARID1C. Remarkably, the WT, but not the demethylase-inactive isoform, was able to reduce expression levels of the minor and major heterochromatic satellites ( Figure 5C ), suggesting that silencing of pericentric and centromeric heterochromatic ncRNAs by JARID1C is mediated by its demethylase activity on H3K4me3.
Dysregulated expression of these RNA species embedded within heterochromatic regions leads to genomic instability (67). More generally, conditions associated with impaired heterochromatin formation have been causally linked to increased instability (24) . To determine whether JARID1C downregulation was associated with this phenotype, we knocked down JARID1C expression in primary mouse embryonic fibroblasts (MEFs). Similarly to the other cell types, S-phase progression was derailed and BrdU incorporation reduced (Supplemental Figure 5, D and E) . DAPI and α-tubulin immunofluorescence staining of early-passage (P4/P6) silenced and control MEFs revealed significantly higher rates of bi-and trinucleation, misaggregation, and micronucleation in knocked-down cells compared with rates observed in control cells ( Figure 5D ). To conclusively demonstrate that the genomic instability ensuing as a result of JARID1C inactivation is mediated by the dysregulated expression of satellite repeats, we exploited locked nucleic acid (LNA) gapmers targeting minor and major transcripts (68) . Indeed, quenching these satellite ncRNAs reduced the genomic instability triggered by JARID1C knockdown in MEFs ( Figure 5 , E and F, and Supplemental Figure 5F ). In all, these results suggest that JARID1C depletion triggers genomic instability through the aberrant transcription of satellite repeats.
ccRCC patients who present with JARID1C mutations show features of heterochromatin disruption, genomic rearrangements, and poor prognosis. We next sought to determine whether the cancer genomes of patients presenting with inactivating mutations in JARID1C have features in line with heterochromatin disruption, aberrant ncRNA expression, and enhanced instability. Notably, most JARID1C mutations are truncating, frameshift, and nonsense mutations (Supplemental Figure 6) . The remaining missense mutations reside in critical domains, modifying highly conserved residues. Samples mutated for JARID1C showed a significant loss of DNA methylation throughout the genome ( Figure 6 , A and B) when compared with tumors not mutated for this gene or with normal renal tissue, further underscoring the role of JARID1C in heterochromatin compaction. Notably, the regions hypomethylated in JARID1C-mutated samples were associated with enhanced H3K4me1 (the final product of JARID1C activity) in the corresponding regions in normal renal tissue (Supplemental Figure 7A) . We next explored a data set from TCGA, seeking ncRNAs dysregulated in ccRCC samples mutated for JARID1C. We identified 194 lincRNAs (FDR <0.25) specifically dysregulated in this patient group (Supplemental Table 1 ). Notably, these lincRNAs were all with inactivating mutations in JARID1C have features in line with enhanced instability. We thus analyzed 436 TCGA array comparative genomic hybridization (aCGH) profiles deposited in the cBioPortal for Cancer Genomics (70) . Remarkably, the samples with JARID1C mutations showed a significantly higher number of copy number aberrations (CNAs) when compared with samples from the remaining ccRCC patients ( Figure 6D) . Specifically, most patients with JARID1C mutations presented with more than 10% of their genome rearranged, unlike that of patients in other subgroups, including those with SETD2 mutations, who, for the most part, presented with CNAs affecting less than 10% of their cancer genome ( Figure 6D and data not shown). Importantly, patients presenting with JARID1C-inactivating mutations have a significantly poorer prognosis when compared with patients without mutations (Supplemental Figure 7D) . Together, these data upregulated in JARID1C-mutated samples, further underscoring the repressive role of JARID1C in chromatin (Supplemental Table 1 ). Moreover, a direct correlation existed between lincRNA expression and the extent of H3K9me3 ChIP peaks as detected in normal renal tissue, while an opposite pattern was evident for H3K4me1 (Supplemental Figure 7 , B and C). We also assayed for the presence of dysregulated heterochromatic ncRNAs directly on human ccRCC samples (see Supplemental Table 2 for sample information and mutation description) (37) . Indeed, human SAT2 pericentric satellite RNA was significantly upregulated in tumor samples when compared with that in the corresponding normal tissues ( Figure 6C ). Intriguingly, Ting et al. have recently demonstrated a pervasive dysregulation of these satellite ncRNAs in several cancer types, including renal carcinomas (69). We further assessed whether the cancer genomes of patients presenting H3K4 and H3K9 trimethylation constitute mutually exclusive chromatin marks (26, 56) . H3K9me3 is enriched on heterochromatic regions in both yeast and mammalian cells (56) (57) (58) , while H3K4me3 targets transcribed euchromatin (26) . H3K9me3 on heterochromatic repeat sequences prevents their transcription (12, 20) . However, for a short interval during the S phase, these sequences are accessible to RNA Pol II and are transcribed (52, 71, 72) . Of note, H3K9me3 is not consistently present on heterochromatic sequences throughout the cell cycle: its levels decrease during mitosis and remain low until the S phase, when they gradually increase (52, 71) . In line with data reported in yeast and Drosophila (27, 28) , we envision a scenario in vertebrate cells in which H3K4me3 replaces H3K9me3 on chromocenters during a narrow period in the S phase. Our data suggest that, soon after this event, removal of methyl groups by JARID1C facilitates the deposition of H3K9me3 on chromocenters by SUV39H1 and the interaction of HP1α with heterochromatin, contributing to the inhibition of ncRNA transcription and, simultaneously, to heterochromatin formation, as described for Lid2 and SU(VAR)3-3 indicate that JARID1C inactivation drives the unregulated expression of heterochromatic ncRNAs, which causes genomic instability and is associated with increased chromosomal rearrangements in ccRCC patients, ultimately leading to a shorter overall survival.
Discussion
In this study, we have identified a novel role for the histone demethylase JARID1C in driving heterochromatin duplication and assembly. Our data suggest that, in mammalian cells, the removal of trimethylated H3K4 by JARID1C at each cell cycle is a required step for the deposition of H3K9me3 on chromocenters, mediated by SUV39H1, and for the interaction of HP1α with heterochromatin. JARID1C forms a complex with both SUV39H1 and HP1α. Co-IP experiments have also demonstrated that the adaptor protein DDB1, a homolog of yeast Rik1, belongs to this complex. Importantly, JARID1C downregulation leads to the inordinate expression of heterochromatic ncRNAs that in turn trigger increased genomic instability and, in ccRCC primary samples, is associated with more rearranged genomes and worse prognosis. associated with the repair of double-strand breaks or interstrand cross links and predispose to the development of various cancers including breast and ovarian cancer, leukemias, and lymphomas. The genetic basis of instability in sporadic tumors, however, remains largely mysterious, despite clear indications of widespread, ongoing genomic instability in these cancers (76) . Along these lines, it is surprising that the recent large-scale sequencing efforts, conducted in hundreds of cancer samples, have failed to identify somatic mutations targeting caretaker genes at frequencies consistent with the pervasive instability evident in tumor cells (30) . On the basis of our data, we argue that, at least in some cases, genes such as JARID1C that are implicated in chromatin remodeling may be involved in crucial processes such as heterochromatin replication that, when disrupted, lead to enhanced instability. As such, these genes could be interpreted as caretakers genes, since they impinge on mechanisms that, when disrupted, jeopardize genomic integrity and trigger instability. In fact, several chromatin remodelers have been implicated in chromatin maintenance. For example, the methyltransferase SUV39H1 (24, 77) , the ATPase complex constituents CAF-1 (18), the SWI/SNF-like protein SMARCAD (19) , and the remodeler ATRX (78) restore chromatin structure after DNA replication. It should be noted, however, that with the exception of ATRX (79), genetic lesions consistently affecting these genes in cancer have not been detected thus far. Among the potential mechanisms that could lead to instability, the disruption of heterochromatin assembly, as suggested herein as a result of JARID1C downregulation, is an intriguing avenue that cancer cells may pursue to increase their evolutionary genetic pool and to withstand the attacks mounted by the host. In fact, a recent study argued that the tumor-suppressive role of BRCA1 is rooted for the most part in an unexpected, critical activity of this gene on maintaining global heterochromatin integrity (80) . As in the case of JARID1C loss, BRCA1 inactivation also leads to untimely and prolonged transcription of heterochromatic ncRNAs. These RNA species increase instability, causing multipolar spindles and unbalhistone demethylases in yeast and Drosophila, respectively (27, 28) . Intriguingly, previous in vitro studies suggested that the first of the two JARID1C PHD fingers binds trimethylated lysine 9 on histone 3 (H3K9me3) (41) .
In fission yeast, a silencing complex including Dos1, Dos2, and Rik1 has been described that is crucial for engagement of the methyltransferase Crl4-SUV39H1 to nucleate heterochromatin (20, 61, 62) . Human homologs for Dos1 and Dos2 have not been described, and, indeed, we were unable to identify a plausible candidate in vertebrates on the basis of sequence and domain comparisons. On the other hand, similarities exist between the yeast Rik1, a WD-β-propeller domain-containing protein and the human adaptor protein DDB1, mostly at the structural level (64, 65) . Rik1 is pivotal in the early phases of heterochromatin assembly (52, 66) and interacts with the demethylase Lid2 as well as with other proteins bound to heterochromatin including Crl4-SUV39H1 and Swi6-HP1α (27) . We identified a complex in mammalian cells including DDB1, the putative Rik1 human homolog, JARID1C, SUV39H1, and HP1α, suggesting that in mammalian cells, DDB1 may participate in heterochromatin assembly in a manner similar to that of Rik1.
JARID1C has been reported in complexes including REST and co-REST (45), even if others have questioned this interaction (46) . JARID1C interacts with PCNA (73) and localizes on promoters and enhancers (46) . Our data support the notion that JARID1C may interact with different sets of proteins depending on the context, the cell-cycle phase, and the genomic location, as has been reported for other proteins acting on H3K4 (74) .
Genomic instability is one of the core hallmarks of cancer and is an enabling feature causally associated with the acquisition of additional capabilities crucial for tumorigenesis (75) . The molecular basis underlying instability is established for several hereditary cancer syndromes including, among others, BRCA1/2, Nijmegen breakage syndrome protein 1 (NBS1), Werner syndrome helicase (WRN), Bloom syndrome helicase (BLM), and Fanconi anemia (FA) genes. Germline mutations in these genes have been To compare the expression of human SAT2 (hSAT2) in J1C-mutated versus J1C WT ccRCCs, the Wilcoxon matched-pairs signed-rank test was used. Survival of patients with J1C WT or J1C mutations was evaluated with a log-rank significance test. Analyses were performed using GraphPad Prism 4 (GraphPad Software). A P value of less than 0.05 was considered statistically significant. Study approval. The present study of human samples was reviewed and approved by the SingHealth Centralised Institutional Review Board (Singapore). All subjects provided informed consent prior to their participation in the study.
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anced sister chromatid separation (67, 80) . This is also the case for aberrant ncRNAs in cells devoid of JARID1C. It is remarkable, then, that aberrant expression of pericentric and centromeric transcripts has been recently reported in several cancer types including pancreatic, lung, and kidney (69, 80) .
A recent, bewildering finding in cancer genomics has been the high frequency of somatic mutations affecting genes involved in chromatin remodeling. Renal carcinoma represents a compelling case in point, since a vast array of histone modifiers have been found to be frequently inactivated, including PBRM1 (in up to 41% of patient samples analyzed) (34) , UTX, SETD2, and JARID1C (35, 37) . The prominent, causative role exerted by the inactivation of these genes on kidney tumorigenesis is reinforced by recent findings in primary human ccRCC samples (81) . Both SETD2 and JARID1C presented distinct inactivating mutations in different sections of the same tumor (81) . Albeit still limited in scope, as few patients were analyzed, these findings suggest that JARID1C inactivation may represent, in the subset of ccRCC where it is mutated, an obligate step toward the development and evolution of the tumor.
Methods
Cell culture. All established cell lines were purchased from American Type Culture Collection (ATCC). MEFs were prepared from C57BL/6 from E13.5 embryos. Early-passage (P2-P3) MEFs were transduced for genomic instability experiments. Cells were cultured in DMEM (NIH-3T3, HeLa, MEFs, and HEK293T) or RPMI (Caki-1, A498) supplemented with 10% FBS and antibiotics.
ChIP. Chromatin was extracted, immunoprecipitated, and used for quantitative PCR (qPCR) ChIP and ChIP-seq experiments as reported in the Supplemental Methods. ChIP-seq data have been deposited in NCBI's Gene Expression Omnibus (GEO) database (GEO GSE4452).
BrdU cytofluorimetric analysis and immunofluorescence. BrdU cytofluorimetric analysis and immunofluorescence were carried out as described in the Supplemental Methods.
Western blotting and cell fractionations. A description of the Western blotting protocol and a list of the Abs used are available in the Supplemental Methods. Isolation of the chromatin-bound cellular fraction by cytoskeleton (CSK) buffer fractionation was performed as described in the Supplemental Methods.
IP. All IP experiments were carried out in high-salt lysis buffer (20 mM Tris-HCl [pH 7.6], 300 mM NaCl, 5% glycerol, 0.25% [v/v] NP40) (ref. 82 and see Supplemental Methods). Nuclear lysates were incubated with target or isotype control Abs and protein A/G agarose slurry beads (Calbiochem).
Generation of the JARID1C mutant. Generation of the JARID1C mutant was performed by two rounds of site-directed mutagenesis following the Stratagene protocol and using an MSCV-wtJARID1C vector as a template. Mutations introduced were H514A and A388P (41) , and the mutant cDNA was defined as "mut." The primers used are listed in the Supplemental Methods.
